Introduction
The world's moist tropical forests are changing through the interactions of severe weather events, the rising concentration of atmospheric CO 2 , land use and fire, with important consequences for greenhouse gas emissions and biodiversity conservation [1 -3] . These changes are predicted to intensify in the future as greenhouse gases accumulate further in the atmosphere, and as growing global demand for land-based commodities is met increasingly from tropical latitudes [4, 5] . Fire is a particularly important factor in determining the magnitude of these changes in moist tropical forests because of the linkage it can create between land uses that provide abundant ignition sources and droughts that increase forest vulnerability to fire [6] . Large areas of moist tropical forests that have burned at intervals of several centuries [7, 8] may be transformed to frequently burning scrub vegetation through positive feedbacks between land use and severe drought events [9] . Our understanding of current and future changes in tropical forests in response to the interacting influence of drought and land use is limited by the paucity of information on the effects of recurrent fires on forest regeneration.
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Wildfires affect forest regeneration directly by killing stem tissues of seedlings and by heating the soil sufficiently to kill seeds and roots near the soil surface [10, 11] . Fires in tropical forests also indirectly influence regeneration patterns by killing reproductive trees with thin bark [12] [13] [14] [15] [16] , increasing resource availability near the ground (e.g. light, water and nutrients), and altering predation and herbivory patterns [17] . The fire frequency and intensity limits to woody plant regeneration are unknown for most tropical species. In addition, the timing of disturbance events relative to species-specific and community phenological patterns may be a critical factor in regeneration [18] [19] [20] [21] as post-fire seed rain from surviving adults may find favourable conditions [22] . Also, fire-induced shifts to coppicing are a substantial [23] , but generally an underappreciated pathway to forest recovery [24] . In tropical forests, where fire intervals have historically occurred on the order of centuries [7] , intense or frequent fires may favour a distinctive suite of species from limited propagule sources and, in turn, alter forest dynamics and composition.
Studies of regeneration patterns after fire in closed-canopy tropical forests document an initial reduction in stem density and species diversity that is substantial and persistent after high-intensity burns, and rapid recovery after low-intensity fire events. In a moist aseasonal tropical forest of Indonesian Borneo, a sustained decline in seedling density and species diversity was observed 4 years after intense wildfires related to the 1997-1998 El Niñ o Southern Oscillation (ENSO) drought event [25] . However, after low-intensity burn treatments in a Bolivian closed-canopy dry forest, seedling density recovered after 18 months [11] . In a Venezuelan Amazon site, stem density recovered within 10 months and species richness within 22 months after simulated slash-and-burn events [10] . In all of these studies, fire increased stem mortality and therefore sprouting (i.e. coppicing) increased post-fire, but this capacity declined with more intense disturbances. The initial species establishing after fire in the Venezuelan Amazon were pioneers that survived in the seed bank, wind-dispersed invaders and sprouts-although combined cutting and burning killed sprouts [10] . In Bolivian forests, sprouting stems were less abundant than seedlings after experimental burns, yet attained greater height, had larger crown areas and experienced lower mortality than seedlings [11] . Fire in tropical forests may select for the subset of species that can sprout; for example, in the eastern Amazon, 41 per cent of surveyed tree species showed the capacity for vegetative sprouting after fire [26] . Overall, these studies lead us to expect fire frequency to be inversely related to stem density and species diversity, and positively related to the density of sprouting stems. There may also be a fire frequency threshold beyond which certain regeneration pathways, from seed or from sprouting, are diminished or effectively eliminated.
Although recent deforestation rates (2009) (2010) (2011) (2012) in the southeastern Amazon have declined by up to 85 per cent of their historical rates from 1988 to 2008 [27] , fire activity in the region has not diminished [28] . Less than a quarter of the transitional forests (original extent approx. 400 000 km 2 ) between the cerrado (savannah) and high stature Amazon forest are expected to remain by 2050 [29] . Although other studies have assessed the effects of fire on regeneration dynamics, most of them lack pre-treatment data or fires that were large enough to represent the scale of actual escaped wildfires. In this study, we conducted a large-scale (150 ha), 6-year burn experiment designed to mimic the accidental understorey wildfires that escape into forest edges. We examined the effects of the burn frequency (annual, triennial) of low to moderate intensity fires (given natural inter-annual variability) on the mortality and recruitment of woody stems (less than 1 cm at base) through sprouting and seedling recruitment. We tested the hypotheses that increasing fire frequency would (i) increase mortality and decrease seedling and sprout regeneration, and thereby reduce overall stem density; (ii) reduce overall species diversity and alter community composition in two distinctive cohorts-initial colonizers and the stems that survived year to year; and (iii) promote sprouting over seedling regeneration.
Methods (a) Site description and study design
Our focal site is located on Fazenda Tanguro, a privately owned agribusiness in Mato Grosso, Brazil, in the southern part of the Amazon basin (13804' 35'' S, 52823' 08'' W). Mean annual precipitation at the field site is 1739 mm, and dry season mean temperature is 258C with 66 per cent relative humidity (average daily values). A severe dry season spans from May to September, when rainfall is less than 10 mm per month for three months followed by less than 50 mm per month for two months [30] . These experimental forests are found within the region's remaining transitional forest formation (above-ground biomass of trees and lianas, greater than or equal to 10 cm diameter at breast height (dbh), is 166 + 5 (s.e.) Mg ha 21 [14] ), and exhibit relatively low plant species diversity (97 tree and liana species in stems greater than or equal to 10 cm dbh; the pre-treatment area sampled included 3.6, 16.5 and 150 ha for the 10 -19.9, 20 -39.9 and greater than or equal to 40 cm dbh size classes, respectively) with a high dominance of nine tree species (representing 50% of the importance value index [30] ). One 1.5 Â 1.0 km (150 ha) experimental block with three treatment plots (0.5 Â 1.0 km, 50 ha) was established within the property's legally protected forest reserves. Location was selected along a pasture edge within forest without known logging or recent fire, with less than 2 per cent slope, and containing at least 1000 m of forest extending around the experimental block. Three 50 ha treatment plots within the block include a control (B0), a plot burned twice (B2; burned in 2004 and 2007) and a plot burned five times (B5; burned in 2004, 2005, 2006, 2007 and 2009 ) over a total duration of 6 years (see [30] for additional study site description). The scale at which wildfires occur in the Amazon requires a large-scale ecosystem approach, which makes adequate experimental replication challenging [31] . A necessary limitation of this experiment is that we treat sampling within the 50 ha treatment plots as independent, which we acknowledge as a form of pseudoreplication that is often associated with experimental fires [32] . Key advantages of our planned burns, however, are that we were able to conduct intensive pre-and post-fire measures and compare these with an unburned control, following wellestablished procedures for large experimental manipulations without true replication [33] . New stems were tagged and classified as germinating from seed or sprouting at each census. To determine whether stems were from seed or sprout, nearby stems of the same species were carefully inspected (down to root structure) to determine the morphological habit of that species' seedlings and sprouts (e.g. root suckering was prevalent in Ocotea guianensis (Lauraceae)). Multiple sprouts (less than 1 cm at base) from an individual trunk base or rootstock were treated as separate stems. This study monitored stem mortality and regeneration, not individual mortality and regeneration, owing to the difficulty in non-destructively determining whether stems were originating from unique or shared root systems. Hereafter, the term 'recruit' refers to new individuals from seed, and 'sprout' to new stems from existing root structures. 'Regeneration' captures both sexual and vegetative modes of reproduction. Stems were identified to species using standardized nomenclature following the Missouri Botanical Garden TROPICOS database (www.tropicos.org). Stems that were unidentifiable to species or morpho-species were removed from the species-level analysis (individuals removed across all years from B0: n ¼ 87; B2: n ¼ 54; and B5: n ¼ 59).
(c) Prescribed fires
Five annual experimental burns were conducted in August or in September (2004) (2005) (2006) (2007) (2008) (2009) (2010) , near the end of the dry season, when many escaped wildfires typically occur. Fires were set with kerosene drip torches; 10 km of fire lines per treatment plot were set between 09.00 and 16.00 during three to four consecutive days. Across all years, fires extinguished at night, and firelines were relit on subsequent days to complete the burn treatment. Because part of our trail network inhibited fire spread to the subplots, we applied firelines at the southern and eastern edge of the unburned subplots (on the same days as the plot-level experimental burns) to ensure that our treatment could at least reach the subplots; this focused ignition did not change the fuel load in the subplots themselves, and the climate conditions were similar to the overall plot treatment [30] .
(d) Statistical analysis (i) Annual mortality rates
Annual mortality rates were calculated based on the initial number of live stems, and the number of dead stems at the end of the measurement interval (1 year) and confidence limits (95% CI) were calculated based on the inverse F-distribution [34] . Hereafter, when we refer to all live stems, we are referring to surviving stems (less than 1 cm) from the prior years and any new stems that entered that year. The chi-squared test for two proportions was used to test whether the number of stems dying in each burned plot was significantly different from the control in a given year. The Kruskal -Wallis test was used to assess whether stem densities differed between the control and the burned plots in a given year.
(ii) Species richness in all regenerating stems by treatment
We compared species richness of total live stems (surviving and new seedlings and sprouts) in a given year by constructing stem-based rarefaction curves for each treatment plot and the control, based on Hurlbert's [35] formulation. These rarefaction curves plot the number of species sampled with the addition of each stem. A stem-based (rather than plot-based) analysis was used because it allows for different densities between treatments [36] . To construct these curves, we used the Vegan package [37] for R [38] .
(iii) Yearly regeneration patterns of diversity and density in new stems
Relationships between plot treatment, the number of cumulative fires and distance from the forest edge to density and diversity of only new seedlings and sprouts entering each year were determined with structural equation models (SEMs), which allow for the determination of correlative and causal relationships [39] . Diversity of new stems was estimated by using the Shannon -Wiener index (H 0 ) and Simpson's index (1 2 D). The Shannon -Wiener index is preferred for understanding the contribution of rare species to diversity, and Simpson's index describes species evenness [40] . The best-fit SEM, determined as maximum-likelihood goodness of fit, is presented ( p . 0.05 indicates a good fit of the data). Significant parameter estimates have t-values less than 1.96, and non-significant relationships were maintained in the model if their inclusion led to an overall better fit of the model to the data. All response variables were log-transformed for normality, and analyses were completed in SAS software (SAS/STAT 9.1.3) with the Calis procedure using maximum-likelihood estimation (SAS Institute [41] ). Diversity (species richness, H 0 , and D) of current year regenerating stems was further analysed using split-plot repeated measures analyses of covariance (ANCOVA) with plot as the random effect (to deal with pseudoreplication within plots); all variables were log-transformed for normality, and predictor variables included the plot treatment, distance from forest edge and number of cumulative fires (the lowest Akaike information criterion (AIC) was used to select the best model). In these analyses, D is analysed without subtracting the value from unity; therefore greater values of D indicate less species evenness, and thus more dominants within subplots. Because the total sample area was small relative to each 50 ha treatment, the significance of the results was assessed by bootstrapping the effect of each predictor variable individually by resampling 10 000 times. These analyses included only new stems that entered during a given census year; stems surviving from one year to the next were omitted to compare current year regeneration between treatment levels. Analyses were performed with the mixed and Mult-test procedures [41] . Plot-level diversity (H 0 ) in 2004 and 2010 (before the fire treatment began and at end of the experiment) was also bootstrapped 100 times without replacement in ESTIMATES [42] ; these calculations were performed separately for seedlings and sprouts. Results shown are means for each level of the fire treatment with 95% CIs.
(iv) Community similarity across seedlings, sprouts and adults
To evaluate potential changes in community composition with repeated fires, the Morisita similarity index (MSI) was calculated for all live stems in 2004, before the fire treatment began, and in 2010, after five fires in the annually burned plot and two in the triennially burned plot. The index describes the similarity between multiple communities and is based on the Simpson concentration, so it is mainly sensitive to dominant species, but rare and undetected species are corrected for by bootstrapping 200 times. Pairwise comparisons between communities are also calculated with the MSI [43] . The analyses were performed with all identified stems using SPADE software [44] . For the 2010 analysis, 18, 12 and 13 unidentified stems were removed from the B0, B2 and B5 datasets, respectively. In addition, the MSI was calculated to compare the 2004 and 2010 community composition of seedlings, sprouts and living adults (greater than or equal to 20 cm dbh in six 20 Â 500 m transects per level of the burn treatment; n 1000 individuals per treatment; shrubs were excluded; see [14, 30] for sampling details).
Results
As described in the following sections, our results demonstrate that increasing fire frequency (i) increased mortality rates and reduced regeneration rates-more for seedlings than sproutsleading to an overall decline in small (less than 1 cm) stem density; (ii) reduced species diversity with the loss of rare species, but maintained the most abundant species across plots by the end of the experiment; (iii) led to a divergence in the community composition of the seedling and adult communities; and (iv) shifted regeneration mode from seedling recruitment to increasing contributions from sprouting.
(a) Post-fire mortality and recruitment of seedlings and sprouts, and resulting live stem density
Annual mortality rates during the year directly following each experimental burn were 38-79% higher for seedlings (range: 82-100%) than for sprouts (range: 11-58%; figure 2a) in both annually and triennially burned plots. For seedlings in both burn treatment plots, mortality rates differed significantly from the control in the year following burns (chi-squared tests; p , 0.05). For sprouts, only after three annual burns and the second triennial burn were mortality rates significantly different from the control (chi-squared tests; p , 0.05). For both seedlings and sprouts, mortality rates were generally highest in the annually burned plot when compared with the triennially burned forest. More seedlings than sprouts regenerated annually in the unburned forest (figure 2b). Seedling recruitment significantly declined in the burned plots after three annual fires and two triennial fires, compared with the control (Kruskal-Wallis tests: p , 0.05). Sprout density post-fire did not differ from the control, except after four burns in 2008 when sprouting increased significantly (Kruskal-Wallis tests: p , 0.05). Sprouts represented an increased proportion of regeneration in the burned plots largely because of concomitant declines in seedling recruitment with additional experimental burns (figure 2b and electronic supplementary material, table S2). In B2 and B5, sprouts averaged 28 per cent and 37 per cent of new stems per year (2004) (2005) (2006) (2007) (2008) (2009) (2010) . By contrast, the control plot averaged 10 per cent regeneration by sprouting throughout the experiment, and new recruits germinating from seed comprised more than 80 per cent of new stems in all census years (see the electronic supplementary material, figure S1 ). Notably, a substantial decline in seedling and sprout regeneration occurred across all plots in 2009 and 2010. In 2010, only 56, 25 and 23 new stems were recorded in the control, B2 and B5, respectively (figure 2b).
Combined, these annual mortality and regeneration rates for seedlings and sprouts yielded total regeneration density rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120157
for a given year (see the electronic supplementary material, figure S2 ). Total regeneration density before burning was comparable across plots, with an average of 13.2 (+3.1, s.e.), 13.1 (+3.3), 12.4 (+2.4) stems m 22 (less than 1 cm at base) initially inventoried in the control, B2 and B5 plots (see the electronic supplementary material, figure S2 ). In B2, recovery of regeneration density occurred within a year after the first burn and was sustained until the second triennial burn, then declined substantially. In B5, regeneration density decreased after each annual burn and exhibited the lowest regeneration density of all plots by 2010. In 2010, regeneration density was 7.3 (+1.1), 4.0 (+0.6) and 1.2 (+ 0.3) in the control, B2 and B5 plots, respectively. Moreover, the burned plots had 54 per cent (B2) and 16 per cent (B5) fewer total stems (less than 1 cm) than the control plot (see the electronic supplementary material, figure S2 ).
(b) Species richness of all live stems post-fire
Similar stem-based rarefaction curves (+95% CI) of live stems for all plots at the onset of the experiment indicate that species richness was comparable across plots before the fire treatments. Total species richness was 36, 33 and 35 in the B0, B2 and B5 plots, respectively. Repeated burns reduced the total species number of all live stems, particularly in the annually burned plot ( figure 3 and table 1 ). In B5, total species richness declined continually with each repeated annual burn, with notable species loss following the 2004 rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120157 and 2007 burns (n ¼ 27 and 18 species in B5 a year after those burns). By the 2010 census, species richness had not recovered in B5, but it did recover in B2. However, because rarefaction curves tend to converge at low abundances [45] , these declines in species richness are not statistically distinguishable based on the stem-based rarefactions curves (figure 3; but see ANCOVA results for comparisons of plot rather than stem-level richness and diversity indices; tables 1-3).
(c) Effects of burn treatment, increasing fires and edge distance on subplot-level diversity and density of new stems
The subplot-level analyses (ANCOVA) of yearly regeneration diversity demonstrated that the number of cumulative fires and distance from the forest edge were important in determining both species richness and the Shannon -Weiner index (H 0 ), which best captures rare species (tables 1 and 2). Richness and H 0 declined with an increasing number of burns and increased with greater distance from the forest edge in all plots. Simpson's index (D), which best describes species evenness, also increased with distance from the forest edge (demonstrating a loss of evenness; table 3). Overall, the number of cumulative fires had strong effects on regeneration diversity and richness immediately following a burn. The bootstrapped analyses confirm these results, as the significance of the effects was not altered via resampling (see the electronic supplementary material, table S1).
Similarly, the SEM shows the burn treatment reduced both the diversity and density of regenerating stems each year, and increasing cumulative fires diminished diversity figure S3 ). Regeneration density increased with distance from the forest edge, although distance did not affect the diversity indices (
supplementary material, figures S3 and S5). At the onset of the experiment, the density of all live stems increased with increasing distance from the forest -pasture edge (0-500 m) and was maintained in the control plots throughout the experiment. However, this effect diminished substantially with increasing fire frequency in both burned plots; by 2010, the interior forest subplots (250-750 m) had similar live stem densities compared with the edge subplots (0-100 m; electronic supplementary material, figure S5 ). At 750 m into the forest, stem density dropped almost fourfold and sixfold in B2 and B5, respectively, between 2004 and 2010. When seedlings and sprouts are combined, the diversity (H 0 ) of new stems entering each year is lower than the initial inventoried stems and is quite variable from year to year (figure 4). However, there is an overall decline in diversity (H 0 ) with increased burning by the end of the experiment (figure 4). We also bootstrapped subplot-level H 0 with separated seedlings and sprouts for current year stems. Pretreatment seedling diversity was higher than sprout diversity across the forest, and, similarly to the stem-based rarefaction results, there were no detectable differences in diversity among plots (see the electronic supplementary material, figure S4 ). By the end of the experiment, diversity did not differ between levels of the fire treatment based on 95% CIs, although seedling and sprout diversity appear lowest in the annually burned plot (see the electronic supplementary material, figure S4 ).
(d) Community similarity and rank abundance of seedlings and sprouts post-fire
In 2004, before the burning treatment was initiated, species composition of all inventoried stems in the three forest plots was relatively similar, based on the MSI, a multiple community similarity measure (three-way comparison, MSI ¼ 0.76 + 0.11 s.e.). In 2010, after two triennial and five annual burns, we observed remarkable similarity in seedling and sprout communities across the control and burned plots, despite substantial differences in stem density (seedlings, MSI ¼ 0.95 + 0.22; sprouts, MSI ¼ 0.93 + 0.17; figure 2c ). In 2010, in the control plots, 195 seedlings were identified from 38 different species. In B2, there were 58 individuals from 22 species, whereas there were only 11 individuals from seven species in B5. Five of the seven species in the annually burned plots were shared with both the control and the triennially burned plots, and 14 species were common to the triennially burned and control plots. Only four species were found in all three treatment plots. Sprouts were much more common than seedlings in the burned plots. In 2010, 87 sprouts from 33 species were identified in B2, and 24 sprouts were identified from 11 species in B5. By contrast, the unburned plot had fewer sprouts than seedlings; there were 79 sprouts identified from 23 species.
Within levels of the burn treatment, the only notable difference between seedling and sprout communities was in the annually Table 2 . Effects of fire, number of repeated fires, and distance from the forest edge on the Shannon -Wiener index for current year regenerating stems (seedlings and sprouts combined). The best-fit model is presented. Table 3 . Effects of fire, number of repeated fires, and distance from the forest edge on the Simpson's index for current year regenerating stems (seedlings and sprouts combined). The best-fit model is presented. rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120157
burned plot, where the species composition of the two regeneration modes diverged (see the electronic supplementary material, table S2). When community composition was analysed with all surviving stems (combining seedlings and sprouts) across levels of the burn treatment, the lower similarity index value reveals that many species have distinct modes of reproduction (MSI ¼ 0.60 + 0.07 s.e.). Even within the unburned forest, distinctive patterns emerged between suites of species that relied on seed for regeneration and those species that vegetatively reproduced from sprouts (see the electronic supplementary material, table S2).
The striking community similarity across plots reflects, in part, that the most abundant species are shared across plots (see the electronic supplementary material, table S3). The ranked relative abundance of the five most abundant species (combined seedlings and sprouts) in 2004, 2007 and 2010 demonstrates how persistent these species are, despite frequent burning. In 2010, Protium guianense (Burseraceae), Elachyptera floribunda (Celastraceae) and Myrcia multiflora (Myrtaceae) were among the five most abundant species (based on live stems) across all plots. The latter two species demonstrated increased sprouting with increased fire frequency; E. floribunda is a liana, whereas M. multiflora is found in the cerrado [46] . Over the duration of the experiment, of all E. floribunda stems that entered the annual censuses, 26 per cent, 33 per cent and 40 per cent were sprouts in the control, B2 and B5 plots, respectively. Of all M. multiflora stems that entered, 33 per cent, 62 per cent and 60 per cent were sprouts in the control, B2 and B5 plots. However, P. guianense reproduced predominantly via seed, with only 10 per cent, 10 per cent and 0 per cent of stems coming from sprouts in the control, B2 and B5 plots (see the electronic supplementary material, table S4). Across the experiment, 83 per cent of all observed species in the regeneration community demonstrated sprouting capacity (of the 71 species that had more than five inventoried stems); 12 species only reproduced by seed, whereas five only persisted by sprouting (see the electronic supplementary material, table S4).
High-fire frequency shifted the seedling and sprout communities away from the adult community composition, as seen when all live stems in 2010 (surviving and new) were compared with the adult communities of 2004 and 2010 by burn treatment (MSI ¼ 0.47 + 0.03; electronic supplementary material, table S5). By the end of the experiment, the B2 seedling community was more like the initial 2004 adult community than was the B5 seedling community. In addition, the seedling community in the unburned forest was equally similar to the adult communities in both 2004 and 2010. The identities of seedlings and sprouts differed more in the annually burned area than in the other two plots, indicating that a divergence in regeneration modes may contribute to a divergence in community composition (see the electronic supplementary material, table S5). Before any treatment, adults were more similar in composition than regenerating communities across plots (see the electronic supplementary material, table S5).
Discussion
Our results corroborate the overall hypothesis that understorey fires can alter early regeneration patterns of southeast Amazonian forests. Repeated fires not only substantially reduced stem density, but also shifted the predominant regeneration mode from seedling recruitment to relatively higher contributions from sprouting. After two and five fires within 6 years, the community similarity within the regenerating communities was comparable among treatments, but with increasing fire frequency there was a considerable decline in species richness, and loss of rare species. Moreover, the annual burn regime shifted the regenerating community composition away from the initial adult tree community composition that existed before any burn treatment.
Mortality rates were significantly higher in the re-census year immediately following experimental fires than in the control. Moreover, mortality rates were 38 -79% greater for seedlings than for sprouts in both annually and triennially burned plots. Seedling recruitment declined significantly after three annual and two triennial burns, whereas sprout regeneration did not differ significantly from the control, except for increases detected only in 2006. Although stem density recovered after the first burn, combined higher mortality and lower seedling recruitment led to a significant reduction in stem density after repeated burns in B2 and B5. By 2010, burned plots had only 54 per cent (B2) and 16 per cent (B5) of the stems observed in the control. Moreover, stem density initially declined with proximity to edge, but this effect changed in the burned plots as burning reduced stem densities four-and sixfold even at the forest interior (750 m). The fire-induced canopy openness [30] created more edge-like conditions in the forest interior that also led to drier conditions, higher fire intensities and greater competition with invasive grasses [47] . Similar patterns of stem density recovery were observed within 18 months after a single fire event in Bolivian seasonally dry forests [11] and within 10 months following a slash-and-burn simulation in Venezuelan humid tropical forests [10] . Also similar to our findings, high-intensity or repeated fires substantially hindered successful tropical forest regeneration. Four years after an intense ENSO-related wildfire in Borneo, seedling and sapling density (stems less than 1.5 m in height) declined 75 per cent when compared with nearby unburned forests [25] .
After two triennial and five annual burns, remarkable similarity in seedling (MSI ¼ 0.95 + 0.22 s.e.) and sprout communities (MSI ¼ 0.93 + 0.17) were observed across the control and burned plots. Given the MSI emphasizes dominant species this high similarity may simply reflect abundant species shared across plots. Notably, the annual burn did create a divergence between the seedling and adult communities ( pairwise comparison ¼ 0.18). The contrast between the regenerating and adult communities may reflect that overall mortality of stems (greater than or equal to 1 cm dbh) was 1.8 and 2.2 greater in B2 (5.8% yr
21
) and B5 (7.0% yr 21 ) than in the control (3.2% yr
) by 3 years after the initial treatment, but large, reproductive trees had a higher probability of survival post-fire [14] . Moreover, fire-induced mortality varied substantially by species [14, 15] . These combined factors probably influenced seed production and sprouting behaviour across the burned plots.
Overall species richness declined in the stems that survived post-fire. B2 plot lost 12 species, whereas B5 plot lost 29 species that were present before the burn treatment, but not recorded in 2010. In seasonally dry forests of India, Saha & Howe [48] found a 30 per cent decrease in seedling species diversity with repeated annual burns. Moreover, B5 had 11 new species at low densities (less than four individuals) that were not rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120157 recorded in 2004, but are often found in disturbed areas, e.g. Mabea fistulifera (Euphobiaceae), Tachigali vulgaris (Fabaceae, formerly Sclerolobium paniculatum) and Pyrostegia dichotoma (Bignoneaceae) [49, 50] . By 2010, the most dominant species were P. guianense, E. floribunda and M. multiflora-a seed recruiter, sprouting liana and sprouting cerrado species-suggesting that some species are able to persist post-fire via seed production and others via vegetative reproduction.
Although the same dominant regenerating species are present across plots by 2010, regeneration by sprouting had increased considerably in the burned sites. This increase in sprouting is due to the fire-induced increase in top-kill. Across all years, sprouts averaged 10 per cent of the stems in the control, compared with 28 per cent in B2 and 37 per cent in B5. Increased sprouting post-fire has been observed in other tropical forests, but declines with increasing disturbance [10, 11, 16] . Repeatedly burned sprouts may not escape the 'fire trap' to move into less vulnerable size classes [51] . We documented that 83 per cent of the species in this study demonstrated sprouting capacity (see the electronic supplementary material, table S3). These sprouts could play an increasing role in tropical forest dynamics [52] if they are able to outcompete other forest species and invasive grasses by occupying the 'persistence niche' [53] . Moreover, our results demonstrate that high-fire frequency shifted the seedling communities away from the initial adult community composition (MSI ¼ 0.47 + 0.03), suggesting that fire has altered the early seedling regeneration pathway.
Conclusion
Repeated burns resulted in significant increases in mortality and declines in regeneration, species richness and diversity for small stems (less than 1 cm). A key result documented here is that although resilience in regeneration capacity is evident after a single fire event, repeated fires substantially inhibit early regeneration of forest species, especially seedling recruitment. Our results imply that a period of frequent burns would eliminate regeneration of several species. And although the same species were dominant across levels of the fire treatment, sprouting increased in relative importance over seedling reproduction. This sprout-dominated regeneration may facilitate rapid recovery of tree cover in degraded forests, and thus should be considered in models developed to project future vegetation scenarios [24] . Alternatively, if sprouting does not result in eventual seed production, this altered regeneration pathway could yield a degraded forest. Moreover, if grasses from adjacent land uses outcompete sprouts, a fire-maintained alternative stable state dominated by pyrophilic grasses, herbs and shrubs may persist [54] . After 3 years of repeated fire, invasive grasses associated with the pasture edge were observed more than 25 m into the forest [55] , and they penetrated further by 2010 [47] . Our experiment is simulating an extreme fire frequency (five burns in 6 years), but this scenario could be more representative if pyrophilic vegetation establishes concurrent with high land use ignitions. Continued empirical studies of post-fire forest regeneration dynamics across the seasonality gradient are critical to assessing the potential for Amazon forest dieback and replacement by an alternative vegetation state.
